A remarkable improvement is presented on the energy conversion efficiency from laser to protons in a laser-foil interaction by particle simulations. The total laser-proton energy conversion efficiency from laser to protons becomes 16.7%, though a conventional plane foil target serves a rather low efficiency. In our 2.5-dimensional particle-in-cell simulations the Al multihole structure is also employed, and the laser absorption ratio reaches 71.2%. The main physical reason for the enhancement of the conversion efficiency is a reduction of the laser reflection at the target surface area;
INTRODUCTION
Ion beams are useful for basic particle physics, medical therapy, controlled nuclear fusion, high-energy sources, and so on [1] [2] [3] [4] [5] [6] [7] [8] . The energy of ions, which are accelerated in an interaction between an intense laser pulse and a thin foil target, has been over MeV [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The ion acceleration in the laser-foil interaction is expected to be a new method of ion acceleration. The issues in the laser ion acceleration include ion beam collimation [9, 13] , ion energy spectrum control, ion production efficiency [21] [22] [23] , etc. In this paper we focus on the energy conversion efficiency from laser to protons in the laser-ion acceleration, and so far the energy conversion efficiency was still relatively low in actual experiments.
When an intense short-pulse laser illuminates a thin foil target, electrons are first accelerated by the laser, and oscillate or move around the thin foil. The electrons form a high current and generate a magnetic field. In the laser-foil interaction, the ion dynamics is affected directly by the behavior of the electrons [12, 13] . The electrons form a strong electric field, and the ions are accelerated by the electric field. When a foil target has backside multiholes at the target rear side (see Fig. 1(c) ) and the hole size is the order of the laser spot size, the holes help to produce a collimated ion beam [13] .
On the other hand, the foil target surface reflects a significant part of the laser energy. The energy conversion efficiency from laser to protons tends to be low. The subwavelength-multiholes transpiercing the planar target enhance the laser-proton energy conversion efficiency [21] [22] [23] . The subwavelength microstructured targets [21] [22] [23] [24] [25] are propitious to enhance the laser energy absorption. In this paper a e-mail: kwt@cc.utsunomiya-u.ac.jp This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. we employ the subwavelength-multihole microstructure to increase the laser-proton energy transfer efficiency at the target rear side.
Throughout the paper wider holes at the rear side are employed to ensure the collimated proton beam generation [13] (see Figs. 1(a)-(c)). The Al width in the right hand side is 1.0 for the proton beam collimation.
EFFICIENT LASER ENERGY CONVERSION TO IONS IN LASER HOLE-TARGET INTERACTION
We perform 2.5-dimensional (x, y, v x , v y , v z ) particle-in-cell simulations. Figure 1 (a) shows a conceptual diagram of the multihole target. The laser intensity is I = 1.0 × 10 20 W/cm 2 , the laser spot diameter is 4.0 , and the pulse duration is 20 fs. The laser transverse profile is in the Gaussian distribution, and the laser temporal profile is Gaussian. The laser wave length is = 1.053 m. The ionization degree of Al layer substrate is 11, and the Al layer density is the solid density.
We study the role of the Al width and the Al wing length in the multihole target shown in Fig. 1(a) . At the target rear side the additional wider holes are installed to ensure the proton beam collimation based on our previous study [13] throughout the paper. Thin foil tailored targets, which have a subwavelength structure, enhance the laser energy absorption [21] [22] [23] [24] .
Figure 1(a) shows the tailored multihole target. Firstly the Al width of the multiholes at the laser side is changed from 0.1 to 0.5 . For a comparison, we also simulate the target which has no multihole Al (see Fig. 1(b) ). At the subwavelength-structured Al surface, seen by the illuminating laser, the laser is partly reflected. When a laser interacts with a wire target, a large number of electrons are expelled out from the target and accelerated efficiently. Therefore, when the Al is thinner in Fig. 1(a) , the laser enters into the target Al microstructure and generates hot electrons effectively. So the thinner Al-layer target produces the higher acceleration electric field. Figure 2 shows the total energy histories of the proton for each case. When the Al width is 0.1 , the total energy of the protons reaches about 4.5 × 10 3 J/m in the multihole target at 300 fs. The maximum proton kinetic energy is 12.2 MeV. For the other cases it is 9.51 MeV for 0.3 and 7.48 MeV for 0.5 . When the Al width becomes thin, the Al surface area seen by the laser is reduced and the laser reflection is also reduced. However, if the target has no Al microstructure at the laser side, it just becomes a plain target. The energy laser-proton conversion efficiency is 13.3% for 0.1 , 8.67% for 0.3 and 6.28% for 0.5 , though it is 5.74% for the target in Fig. 1(b) . Moreover, the laser Al-ion energy conversion efficiency is 38.0% for 0.1 . The optimal width of the Al microstructure in Fig. 1(a) must be the order of the skin depth to reduce the laser reflection as low as possible. The simulation results present that the proton total number for the target of 0.1 is about 2.0 times large compared with that for 0.5 . In the conventional target shown in Fig. 1(c) the laser-proton energy conversion efficiency was 1.81%. Fig. 1(b) . The results in this paper demonstrate a significant effect of the Al microstructure width on the ion generation efficiency. As discussed above, the physics of the increase in the proton generation efficiency comes from mainly the reduction of the laser reflection at the left surface area [21, 22] . The reduction of the Al reflection area, that is the reduction of the Al width in Fig. 1(a) , results in the significant increase in the laser energy conversion to the protons. In addition, the microstructure holes contribute to an increase of the laser interaction surface area, and laser also reflects multiple times inside the holes.
We also examine the role of the Al wing length on the laser-ion energy conversion. We change the Al wing length of the multihole target from 0.1 to 0.5 (see Fig. 1(a) ). At 0.2 protons obtain the larger energy from the laser. At the Al wing length of 0.2 , the total energy of the protons reaches the maximum and about 5.5 × 10 3 J/m in the multihole target. The energy conversion efficiency from the laser to the protons becomes 16.7%. The maximum proton kinetic energy is 12.4 MeV for the case of 0.2 , 10.4 MeV for 0.1 , 13.0 MeV for 0.3 and 12.2 MeV for 0.5 at 300 fs. The energy conversion efficiency is 38.7% for laser Al-ions and 39.0% for laser-electrons. The laser absorption ratio is 71.2% for 0.2 . Figure 3 shows (a) the maximal acceleration electric field Ex for the multihole target, and the distributions of the high-energy electron density at (b) 0.2 and (c) 0.5 . The hot-electron highdensity cloud is well located at the right space of the proton layer in the case of 0.2 for the effective proton acceleration.
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When the Al wing length is too short, the total electron number in the Al layer is reduced to create the proton acceleration field at the target rear side. The proton acceleration field, created by the hot electrons at the rear side, is produced by the hot electrons. When the total number of the electrons, which are mainly originated from the microstructured Al at the laser side, becomes small, the acceleration field at the rear side becomes weak. On the other hand, when the Al wing length is too long, the hot electron cloud cannot fully reach the target rear side (see Fig. 3(c) ). In this case with the long Al wing the Al layer originally contains a sufficient number of electrons, and the sufficient number of hot electrons appears. However, the hot electron cloud experiences the interaction with the target plasma for a longer distance than that in the optimal case, and does not reach the correct position of the target rear side to create a strong acceleration electric field at the target rear side, as presented in Fig. 3(c) . However, for the optimal case, that is, the case with the Al optimal wing length of 0.2 , the hot-electron cloud location is appropriate to create the high acceleration field Ex for the effective proton acceleration as shown in Fig. 3(b) .
CONCLUSIONS
In this paper, we presented an efficient energy conversion method from laser to ions in laser foil interaction. We investigated and clarified the role of the hole width and width of the tailored multihole target at the laser side in the laser-proton energy conversion. The conversion efficiency was enhanced significantly to 16.7% in the optimal microstructured target from a few percent in a planar target without the microstructure. For practical applications of the laser-ion accelerator, the issues contain the efficient ion generation as studied in this paper, the ion beam quality improvement in the energy spectrum control including a mono-energy ion beam generation, neutralized or unneutralized ion beam transportation for a long distance, laser multi-stage post acceleration, etc. The multihole target presented in this paper may serve a new way to create proton beams efficiently in the future laser proton accelerator.
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